An electrolytic treatment method promoting dense aggregates was developed in order to thicken retentate quickly without coagulant addition. A kaolin suspension with a turbidity of 200 NTU with a large fraction of colloidal particles was used as the retentate. Comparative testing showed that the electrolytic treatment increased aggregate size and enhanced the turbidity removal effect up to 75% on average with increasing retention time. Even though the Al ion concentration in the treated retentate was much lower than 0.1 mg/L, along with the large upward shift of surface charge, the turbidity removal effect was enhanced considerably with independently stabilized pH compared with alum as the coagulant. Comparison between the charging behaviors indicated that the electrochemical treatment generates polymeric Al hydroxide species that form adsorption layers with fewer defects, thereby inducing a stronger removal effect.
INTRODUCTION
In water or wastewater treatment systems, processes promoting the growth of particle aggregates play an important and basic role in pretreatment steps in solidliquid separation processes such as coagulation and settling. These separation processes rely on forces between particles, especially in the colloidal size range. Interparticle forces are almost linearly dependent on the particle size. These become stronger as the particle size decreases, relative to external forces (Gregory 1993) .
Effective turbidity removal from water by such processes is dependent on the degree of charge neutralization that strengthens van der Waals attraction between particles. As for conventional charge neutralization process, chemical coagulants such as sulphate, chloride have been used in order to produce multivalent cations in water. However, sludge produced with coagulant dosage increases its waterretention. However, sludge produced with coagulant dosage increases its water-retention ability resulting in a watery voluminous sludge with a low dewaterability, which may lead to a decrease in efficiency during the subsequent sludge treatment (Bruns et al. 1992) . The membrane filtration process for raw water without coagulant dosage has been used increasingly in Japan (J.W.R.C. 2008) and has the advantages of a high solid-liquid separation ability and a reduced sludge volume. However, this process requires regular membrane washing for practical use to maintain its high separation ability and consequently yields highly concentrated wastewater as the retentate.
The thickening of the retentate due to gravitational settling in a thickener requires a long retention time since the retentate has a large fraction of colloidal particles without coagulant dosage. Therefore, a microfilter thickener (Uchibori et al. 2008 ) has recently been studied to an alternative sludge treatment method without coagulant dosage. While, the present electrocoagulation (EC) method, in which metal ions are dissolved from an anode and used doi: 10.2166/wst.2010.479 as the coagulant, has not been any more effective at reducing sludge volume as methods using a chemical coagulant (Uchibori et al. 2008) . In addition, the concentration of the dissolved ions using this conventional EC method is greatly affected by the surface condition of the anode, leading to limited control of a stable ion dose and an increase in the frequency of anode replacement (Uchibori et al. 2008) .
Aggregates size and density are the most important properties which have great influences on the effectiveness of solid-liquid separation processes (Gregory 1997) . They can be indicated by the turbidity removal effect and the particle size distribution. Thus, a particle aggregation method increasing the size and density of formed aggregates simultaneously was explored. The newly developed electrolytic aggregation method (NEAM) inducing electrochemical charge neutralization has been evaluated for its ability to produce dense aggregates without coagulant dosage (Uchibori et al. 2008) . NEAM is advantageous to conventional EC as it requires no dissolved metal ions, allowing for reduction in the sludge volume and enhancement in sludge dewaterability, and as it requires no anode replacement.
Sufficient charge neutralization induces a high collision efficiency of two particles and promotes particle aggregation resulting in an enhanced turbidity removal effect. Twoparticle collisions are considered to occur by fluid shear, differential sedimentation and Brownian motion that are more significant during the retention time (Lawler 1993) . In addition to the degree of charge neutralization, the charging behavior of particles against solution pH provides useful information on particle associations that influence on the inter-particle binding force and aggregate density (Melton & Rand 1997a,b) .
In this study, the trend of aggregate growth, the turbidity removal effect, and the particle size distribution of the kaolin suspension treated by NEAM was compared with that of the untreated suspension. To understand the mechanism of particle destabilization and the chemical compositions of reactive surfaces of particles (Hiemstra et al. 1999 ) treated by NEAM, the charging behavior of the treated particles and the corresponding residual turbidity against solution pH were investigated in comparison with those of alum-dosed coagulation.
MATERIALS AND METHODS

Experimental setup and preparation of test suspensions
An electrolysis apparatus is assembled to neutralize the negative charges of colloidal particles owing to an oxidation reaction promoted on a non-consumable anode, by applying a device and surface pretreatment on a steel cathode to retard the cathodic reduction. This apparatus for particle oxidation prevents contamination of the treated retentate by dissolved metal ions. Powder kaolin (Wako Pure Chemical Industries, Tokyo, Japan) was dispersed in tap water (total iron concentration of , 0.1 mg/L, pH 7.5-7.7, alkalinity of 40 mg/L as CaCO 3 ) at a concentration of about 0.5 g/L and then allowed to settle. The supernatant, with an aggregated mass (AGM, described later) of , 80 mg/L as previously reported The volumetric size distribution of particles in the 30-mL OKS and EKS samples taken from the supernatant at 24 h retention during the residual turbidity test was measured using a laser diffraction particle size analyzer (SALD-7100, Shimadzu). The measurement was conducted after the samples were gently stirred at retention intervals of 0 h (when the sample was taken), 24 h and 7 d. All experiments were carried out at room temperature.
Surface charge and residual turbidity
To compare the correlation of the surface charge and residual turbidity of EKS with that of an alum-coagulated suspension, kaolin powder was suspended in pure water and coagulated with different doses of alum.
Each 500-mL suspension of kaolin powder (SKP) containing 51.8 mg/L kaolin (turbidity ø 33 NTU) was buffered with 50 mg/L NaHCO 3 and then mixed at 160 rpm for 5 min (Tambo 1965) . To the mixture, an alum stock solution was added using a pipette to a final concentration of 0.1 and 1 mg/L Al for each 500-mL SKP and mixed at 120 rpm for 20 min (Tambo 1965) . Thereafter, each alum-dosed SKP solution was divided into 4 equal portions and adjusted to the target pH (3-10) with HCl and/or NaOH. Each pH-adjusted solution was mixed at 40 rpm for 20 min to induce flocculation, followed by retention for 30 min (Tambo 1965) . A 30-ml sample was then taken from the supernatant using a pipette to measure the residual turbidity. Following the residual turbidity measurement, the 30-mL sample was returned to the solution and stirred to break up the flocs. The stabilized pH was then measured, and the surface charge was determined for duplicate 50-mL samples taken from the stirred suspension by titration, using Toluidine Blue as an indicator (Kawamura et al. 1967) .
Each 500-mL EKS adjusted to a turbidity of 33 NTU with the same AGM value (AGM-33) as that of SKP was divided into 4 equal portions and adjusted to the target pH (3-10) by adding the anolyte and tap water. The stabilized pH, residual turbidity and surface charge of the pH-adjusted solutions were measured respectively following the same procedures as described above.
RESULTS AND DISCUSSION
Performance of electrolysis cell and concentration of released Al ions
The pH values of the anolyte and catholyte separated by the covering filter changed to less than 4 and 12, respectively, following 20 min electrolysis at constant current of 1.2 A under 30-35 V (equivalent to a mean power consumption of 10.8 WH/L). At the anode, contact with the kaolin particles and diffusion of the anolyte were promoted more than that at the cathode because of the effect of the covering filter in the anodic reaction exceeding the limiting current density of oxygen. Calcareous deposits were seen on the cathode, which are evidence of a corrosion-protected surface in the high pH environment. The increase in the concentration of Al ions in the anolyte with turbidity of 230-245 NTU was 15.9-17.0 ppb. to produce aggregates with both larger and denser structures through an increase in inter-particle forces via twoparticle collision by Brownian motion and differential sedimentation as the particle size decreases (Gregory 1993; Lawler 1993; Uchibori et al. 2008) . Spicer & Pratsnis (1996) demonstrated that polystyrene particles at a low alum concentration develop shearinduced flocculation that results from the production of strong, dense fragments. The steadily increasing trend of AGM for EKS as mixing intensity increases, that is, the shear-induced aggregation behavior, was also observed in EKS in our previous study (Uchibori et al. 2008 ). Hence, such particle aggregation induces a significantly stronger removal effect for EKS over time (Figure 2) .
Residual turbidity and particle size distribution
Surface charge shift and turbidity removal effect
The silanol groups (-Si-OH) on the surface of kaolinite ionize at different pH in the absence of adsorbing species other than protons as follows.
pH , PZC ðthe point of zero chargeÞ :;
Therefore, the surface charge of kaolinite varies depending on the pH and ion concentration of the solution (Ganor et al. 2003; Patiparn & Takizawa 2006) .
Consequently, surface charge can be used as an effective index determining the optimum coagulant dose (Kawamura et al. 1967) . In the case of kaolinite, PZC does not always coincide with the isoelectric point (IEP) because of the presence of specially adsorbed ions on the kaolinite (Melton & Rand 1977a) . Therefore, the relationship of the removal effect and PZC was determined using the IEP data reported for an identical sample (SKP, 21 mg/L Al) (Tambo 1965) .
This Al concentration in SKP was designated for two coagulation zones of particle destabilization (sweep flocculation at 1 mg/L and adsorption destabilization at 0.1 mg/L) based on the coagulation diagrams previously reported (Tambo 1965; Amirtharajah & Mills 1982) .
Surface charge and residual turbidity
Changes in surface charge relative to residual turbidity are shown in Figure 4a (1) 4.0 , pH , 7.5: The residual turbidity at 1 mg/L Al sharply decreased from pH 5.5 to near pH 7.5, which coincides with the range from 60 meq/1 £ 10 4 L to the PZC on the surface charge basis, corresponding to the practical criterion (IEP (pH ¼ 6.5)^10 mV) for optimal sweep coagulation proposed by Tambo (1965) .
The residual turbidity at 0.1 mg/L Al gradually decreased as pH increased, in contrast to that in the case of the critical decrease of 1 mg/L. The lowest residual turbidity indicated by the error bars for 0.1 mg/L Al was in the acidic range of pH 5.5-6.5, which shows the characteristic coagulation trend of adsorption destabilization. The surface charge for 0.1 mg/L Al increased to 60 meq/1 £ 10 4 L at pH 5.5
and then decreased similarly to that for 1 mg/L Al with increasing pH; however, no removal effect was observed at higher than pH 6.5. The surface charge of EKS remained at about 60 meq/1 £ 10 4 L at pH 4.0-6.5, and was higher than that of SKP 20.1 and 1 mg/L Al at pH 6.5-7.5. The residual turbidity of EKS was stable in the narrow turbidity range of 8 -9 NTU, and much lower than that of alum-dosed SKP at pH , 6.0.
(2) 7.5 , pH , 10.0: Although a negative surface charge was found for 1 mg/L Al, the removal effect was still observed at pH 7.5 -8.0 followed by a return to the initial turbidity at higher than pH 8.5. The PZCs for 1 and 0.1 mg/L Al were observed at pH 7.5 and 8.2, close to that of bayerite (g-Al(OH) 3 ) (Hiemstra et al. 1999) . However, the surface charge of EKS still remained positive approaching its ZPC at pH 9.0-9.7 and the removal effect became highly stable corresponding to that in the region from 60 meq/1 £ 10 4 L to PZC.
For the aggregation mechanism in EKS discussed above, the turbidity removal effect was pH-independent and stronger than that of alum-dosed coagulation despite an Al ion concentration extremely lower than 0.1 mg/L. This characteristic trend significantly differs from that observed in both SKPs with 0.1 and 1 mg/L Al at pH 4 -10, suggesting that the aggregation in EKS is induced by production of Al hydrolytic species different from alum dose.
A polyaluminum chloride (PACI) dose of 0.3 mg/L as Al in kaolin suspensions exhibit a higher, more stable removal effect than alum of higher concentration. In addition, the removal effect is independent of pH and temperature of the suspension (Dentel 1988) . Mollah et al. (2004) reported that fresh Al hydroxides produced by electrolysis have an adsorption ability 100 times greater than that of alum-precipitated hydroxide. Thus, the characteristic removal effect in EKS appears to be caused by the formation of fresh Al hydroxide with large fractional polymers such as PACI that destabilizes colloidal particles more efficiently than alum particularly at a low Al concentration (Mastui et al. 1998) .
Al hydrolytic species and PZC
The increased concentration of Al ions measured in EKS corresponds to a small fraction of the amount of adsorbed (Kumru & Bale 1994) . The Al ion concentration of EKS is much lower than 0.13 mg/L, which is close to the solubility limit of amorphous Al hydroxide at pH 7.0 (Ching et al. 1994 ). Hence, the particle destabilization in EKS is more likely due to surface precipitation (Ching et al. 1994) . Hiemstra et al. (1999) observed the aging of gibbsite (a-Al(OH) 3 ) and bayerite (g-Al(OH) 3 ) and showed that the experimental capacitance (slope of surface charge vs. pH curves) of Al hydroxide decreases and at the same time its PZC shifts to a higher pH range with increasing crystallinity or decreasing number of crystal defects (e.g. porosity). Figure 4a shows that EKS had a PZC close to that of gibbsite at pH 10.0 (Hiemstra et al. 1999 ) and to that of amorphous Al hydroxide at pH 9.5-10.0 (Kabengi et al. 2006) , which are higher pH than those in the case of PZCs (pH 7.5 for 1 mg/L and pH 8. As for the aggregation mechanism of EKS, treated particles appear to be effectively destabilized owing to surface precipitation rather than adsorption destabilization for extremely low concentrations of Al ions of 15.9-17.0 ppb in EKS.
